Introduction

28
Wastewater treatment plants (WWTPs) are designed to protect water resources by removing nutrients, 29 contaminants and suspended solids from the wastewater. Following a series of biological and physical 30 processes in distinct reactors treated wastewater is discharged to surface waters. Sewage sludge, a by-31 product of wastewater treatment, is usually digested for stabilization and further processing 1 . In Europe, 32 roughly 20% of the digested sewage sludge is incinerated 2 . In Switzerland, the application of sewage 33 3 sludge in agriculture was banned in 2006 and sewage sludge is exclusively incinerated 3 
. Also in the 34
Netherlands, combustion is the major disposal pathway for sewage sludge 2 . In Germany, sewage sludge is 35 to a large extent incinerated, preferentially in dedicated mono-combustion fluidized-bed reactors [2] [3] [4] 
. In the 36
United States and Japan, approximates 25% and 55% of the sewage sludge are combusted 5 . Besides 37 reducing the volumes of sewage sludge, the combustion in dedicated fluidized-bed reactors additionally 38 offers the advantage of subsequent phosphate recovery from the sewage sludge ashes, which is impossible 39 when sewage sludge is co-incinerated with municipal solid waste 6 . 40
Primary sewage sludge consists of larger particles which are separated from the wastewater during 41 primary treatment in a sedimentation tank. Secondary (activated) sludge is produced during the activated 42 sludge process (mostly consisting of a combination of nitrification and denitrification reactors) and is 43 mainly composed of cell tissue and extracellular polymeric substances 1 . For anaerobic digestion, a 44 mixture of primary and secondary (excess) sludge is used. Thus, sewage sludge can be considered as 45 complex waste fuel with a calorimetric value of about 10.5 MJ/kg dry matter 5 . Cellulose fibers mainly 46 from toilet paper likely represent a major constituent in wastewater and attempts to recover or eliminate 47 cellulose fibers during wastewater treatment have recently been presented [7] [8] . High concentrations in the 48 influent and only incomplete degrading of the cellulose fibers during anaerobic digestion suggest that 49 cellulose is also present in considerable amounts in the digested sludge 7, 9 . 50
Numerous studies have investigated the kinetics of sewage sludge pyrolysis [10] [11] [12] [13] [14] [15] [16] , referring to incineration 51 in the absence of oxygen. However, the kinetics of sewage sludge combustion (presence of oxygen) have 52 only received limited attention 10, 17 . Hernandez et al., investigated the incineration of sewage sludge by 53 differential thermogravimetry (TG) using N 2 , CO 2 and synthetic air 17 . Five reactions with reaction orders 54 close to one were used to describe the overall devolatilization and combustion of sewage sludge. 55
In this paper, we present results from a series of TG experiments aimed to study the combustion of 56 municipal digested sewage sludge. We used an evaluation algorithm that allows the identification of a set 57 of first-order reactions based on objective criteria 18 . We identified the main reactions occurring during 58 4 sewage sludge combustion and characterized these reactions in terms of their kinetic parameters. Based on 59 literature data, we assigned model compounds to the identified reactions and determined the fractions of 60 the total conversion associated with these reference compounds. This approach allowed us to roughly 61 assess the speciation of combustible in digested sewage sludge based on TG experiments. 62
Evaluation of TG experiments
63
The rate constants of combustion reactions of solid fuel can generally be described using the Arrhenius 64 equation 65
66
with k representing the reaction rate constant, E the activation energy, A the pre-exponential factor, T the 67 temperature and R the universal gas constant 19 . The change of the extent of fuel conversion α over time t 68 depends on the reaction model f(α), the reaction rate constant k(T) and a gas pressure dependent function 69 h(p). 
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A more detailed derivation of equation 4 is given in Supporting Information (SI). A selection of reaction 79 models (g(α)) can be found in Burnham (2017) 20 . 80
In our study the identification and characterization of individual combustion reactions was based on an 81 algorithm developed for the evaluation of TG results obtained from the pyrolysis of sewage sludge and 82 other complex fuels 18 . The algorithm is based on a matrix inversion, and requires that two TG 83 experiments are conducted with the same materials but at different heating rates. This allows the 84 identification of individual first-order combustion reactions and their corresponding kinetic triplets 85 (activation energy E, the pre-exponential factor A and the relative contribution of the individual reaction to 86 the total reacting solid f ). For a detailed discussion of the algorithm and its underlying mathematics, the 87 reader is referred to the work of Scott et al. (2006) 18 . The integrated first-order reaction model is given in 88 equation (5): 89
90
Thermograms, determined by TG can be normalized by ‫)ݐ(ܹ‬ = ‫)ݐ(ܯ(‬ − ‫ܯ‬ ୣ୬ୢ ) ‫ܯ(‬ − ‫ܯ‬ ୣ୬ୢ ) ⁄ with 91 ‫)ݐ(ܹ‬ representing the normalized weight of the total reacting solid, ‫)ݐ(ܯ‬ the weight at time point t, ‫ܯ‬ 92 the weight at the beginning of the experiment and ‫ܯ‬ ୣ୬ୢ the weight at the end of the experiment. The 93 normalized weight relates to the extent of conversion by ܹ(t) = 1 − α. Based on the number of reactions 94 n and their kinetic parameters (E, A, f ), the modeled normalized weight ‫)ݐ(ܹ‬ can be calculated using 95 equation 6 which results from the combination of equation 4 and 5 and the relation between ‫)ݐ(ܹ‬ and α. 96
With i = 1 to n reactions occurring during an experiment running from time point zero to t. In theory, the 98 sum of all fractions f ୧, equals one, but in practice, slight deviations from one are observed. The 99 integration over time (dt) can be replaced by an integration over temperature (dT) using a constant heating 100 rate ‫ܤ‬ = ‫.ݐ݀/ܶ݀‬ The measured, normalized weights W(t) can be compared to the modeled, normalized 101
(
7) 103
The algorithm has already been applied successfully to identify and characterize reactions from synthetic 104 data and reactions based on TG results obtained from the pyrolysis of sewage sludge 16 . In the following, 105 this algorithm will be referred to as TGA evaluation algorithm. The TGA evaluation algorithm has, to the 106 best of our knowledge, not yet been applied to retrieve the kinetic parameters of the combustion of 107 digested sewage sludge. 108
Materials and Methods
109
Digested sewage sludge was collected from a pilot WWTP at Eawag, Switzerland at three different time 110 points (January 1 st 2017, June 15 th 2017 and July 3 rd 2017 for P1 P2 and P3, respectively). One sludge 111 sample (P1) was investigated in detail and two further sludge samples (P2, P3) were collected to reveal the 112 variability of the recorded thermograms resulting from seasonal variations of the digested sludge. The 113 sludge was freeze dried, milled in a ball mill with 17 Hz for 4 min (MM 400, Retsch, Switzerland) and 114 sieved to 125 µm < d < 250 µm. Samples were transferred to 1.5 mL Eppendorf tubes and stored in the 115 dark at room temperature. Powdered and sieved sludge samples (5 to 8 mg) were added to 70 µl alumina 116 (Al 2 O 3 ) crucibles, heated in a TGA (TGA DSC1, Mettler Toledo, USA) and the weight loss was recorded 117 at a sampling rate of 1 Hz. For the extraction of the kinetics parameters of individual combustion 118 reactions, thermograms were recorded from room temperature to 900°Cat temperature ramps of 10 and 119 20K/min. Additional thermograms were recorded at heating rates of 1 and 100 K/min to investigate the 120 impact of the heating rates on the apparent kinetic compensation. All experiments included a 5 min 121 drying step at 105 °C. Blank runs with empty crucibles were conducted to compensate for buoyancy. A 122 gas flow of 25 mL/min of synthetic air (80% N 2 , 20% O 2 ) created an oxidizing atmosphere during the 123 experiments. The balance was protected by a 25 mL/min N 2 purge gas flow. The recorded data (sample 124 temperature, sample weight, heat flow over the furnace) was exported as a text file using the Mettler 125
Toledo Star software and imported into Matlab. The discrete data were transferred into a spline for further 126 processing. Carbon contents were measured on a Euro EA -CHNSO Elemental Analyser (HEKAtech, 127 7 Germany). For that purpose, 5 to 10 mg of dried sewage sludge or ash from the TGA experiments were 128 mixed (1:1) with a vanadium oxide catalyst and wrapped in tin foil. Four replicates were conducted with 129 the dried sludge to assess the variability of the carbon contents in the sludge samples. Inorganic carbon 130 content was assessed using a titration CO 2 -coulometer (UIC Inc., Joliet, USA). Major characteristics and 131 number of repetitions conducted with each sludge samples are given in Table 1 . 132 133 (Figure 1b) . After 250 °C, the increase in weight change lessens, which is reflected by a shoulder 143 of the first derivative (Figure 1b) . The change of weight loss of all replicates reaches a maximum towards 144 the end of phase 1 at roughly 325 °C (Figure 1b) . In phase 2, the change of the weight loss first decreases, 145 but then remains roughly constant for P1 and P2. However, the first derivative of the weight loss of 146 sample P3 shows a peak towards the end of phase 2. At the end of phase 2, the rate of weight loss 147 decreases sharply to almost zero. At the beginning of phase 3, the weight loss remains close to zero and 148 raises again at 650 °C (P1) and 620 °C (P2 and P3). In a comparable TGA study of the combustion of 149 sewage sludge three combustion phases with slightly different temperature ranges compared to the present 150 study were identified 17 . The first phase in that study describing the evaporation of residual water in the 151 sludge is not displayed in the present study. Differences observed at higher temperatures most likely result 152 from different sludge compositions used in the two studies. Furthermore, in this study, we observed an 153 inorganic transformation phase (phase 3), which was not reported by Hernandez et al. 17 . The three sewage 154 samples (P1 -P3) of this study were similar as they all exhibited the three distinct combustion phases. 155
However, there are significant differences within the individual combustion phases, especially phase 2. 156
During phase 1 (devolatilization), P1 -P3 mostly followed the same trend. Only towards the end of phase 157 1, the curves diverge and the weight change is in the following order: P3 < P1 < P2. In phase 2 the curves 158 of P1 and P2 are straight and run parallel, but P3 exhibits a convex shape. This convex shape is reflected 159 by a peak in the first derivative of P3 at the end of phase 2. During phase 3, the relative weight which is 160 converted is rather small for P2 and P3 but considerable for P1. 
Major combustion reactions of digested sewage sludge
167
Nine replicates, each consisting of two experiments with heating ramps of 10 and 20 K/min were 168 conducted with the sludge sample P1. Ten individual reactions were identified by applying the TGA 169 evaluation algorithm to this dataset (Table 2 and Figure 2) . To assess the performance of the TGA 170 evaluation algorithm, we used the extracted kinetic data of the identified reactions to construct modeled 171 thermograms (e.g. Figure 3 , reaction 1 to 10 or Figure S1 , colored lines). The modeled TGs were 172 reprocessed using the TGA evaluation algorithm to obtain kinetic parameters and number of reactions. 173
Kinetic parameters extracted from the measured data given in blue circles and extracted kinetic parameters 174 from modeled curves given by red squares ( Figure S2 ) are in good agreement. These results demonstrate 175 that the TGA evaluation algorithm -assuming of n first-order reactions -reliably extracts the number of 176 reactions and their corresponding kinetic parameters at the given level of complexity of the sludge 177 samples. However, as the evaluation algorithm represents an interpretation of the measured thermograms, 178 the results do not prove the existence of the identified reactions. 179
The TGA evaluation algorithm was applied to the combustion of digested sewage sludge and the modeled, 180 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In a study on pyrolysis of digested sewage sludge, the TGA evaluation algorithm identified 18 reactions 200 that accounted for approximately 85% of the weight loss 16 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 every time ݂ is larger than zero. If ݂ is larger than zero in two consecutive conversion spots they can be 214 merged into one reaction 18 . The numbers 1 to 10 refer to identified reactions. Figure 2b shows the 215 evolution of the E and Figure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 It is important to distinguish between a spread of the data which is caused by measurement uncertainties 235 (random and systematical experimental errors) and a spread which has a chemical and/or physical origin 236 (physicochemical effects), resulting from e.g. progressive deactivation of a catalyst surface 22, 24-26 . We 237 determined confidence ellipses which define the extent of the spread of E caused by random experimental 238 errors. For that purpose, we calculated the square-root of the eigenvalues (λ ଵ and λ ଶ ) of the variance-239 covariance matrix 22, [27] [28] . 240 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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The slope of the regression line through the projections of the kinetic data (E, ln(A)) derived from the 267 individual 9 replicates (for reaction 10) is indicative of the deviation of the measured activation energy 268 from the true value of the activation energy by a specific effect 24 . The slope of the regression line 269 corresponding to reaction 10 (Figure 5 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 with ܶ ୦୫ = 957 K. The average harmonic mean temperature of all nine replicates is 959.9 ± 1.13 K 272 (mean ± 1 standard deviation). The harmonic mean temperature is the temperature at which any 273
combination of E and A on the corresponding regression will yield the same reaction rate constant k (eq. were observed at the highest heating rates. Thus, the higher the actual temperature of the experiment, 288 compared to the instrument setting temperature, the higher the deviation of the measured activation energy 289 from the true value of the activation energy. Thus, complementary information of (i) replicate experiments 290 conducted at the same heating rates ( Figure 5 ) and (ii) replicate experiments conducted at different heating 291 rates ( Figure 6 ) revealed that the applied method (TGA measurement and evaluation) resulted in values 292
for E and A of the combustion of digested sewage sludge, which are generally too high and vary 293
considerably. Even at extremely low temperature ramps like 1 K/min, the deviation of the measured 294 temperature to the programmed temperature is around 4 K. 295 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 To further assess the origin of the apparent kinetic compensation in our dataset, two alternative methods to 296 extract the kinetic parameters (E and A) from reaction 10 were applied. As in the previous section, 297 reaction 10 was chosen as it does not overlap with any other devolatilization reaction. Firstly, we applied 298 an unconstraint (model-free) isoconversional integral approach, and secondly, we used the Coats-Redfern 299 method 29 . For the isoconversional method, the objective function (OF , equation 11) is minimized to 300 obtain one single, average E over the entire course of the reaction 10 30 . The activation energy value 301 derived from an average TG curve (black dot, Figure 4 ) was chosen as an initial value. Minimization is 302 achieved using the function fminsearch in Matlab. 303
With ‫,ܧ(ܫ‬ ܶ) = ‫‬ exp ‫))ܴܶ(/ܧ−(‬ ் ் బ ݀ܶ, ‫ܤ‬ ଵ and ‫ܤ‬ ଶ are two heating rates with ‫ܤ‬ ଵ ≠ ‫ܤ‬ ଶ and the sums from 1 305 to n (n = 100) cover the whole temperature range at which reaction 10 occurred. ‫,ܧ(ܫ‬ ܶ) was integrated 306 numerically. Through minimization, we obtain the activation energy E, which best describes the reaction 307 occurring at both heating rates. Similarly, A was determined by minimization of the objective function 308 OF (eq. 12). log ଵ ‫)ܣ(‬ was used as a parameter for the minimization, which was achieved by the function 309 fminbnd in Matlab with 0 < log ଵ ‫)ܣ(‬ < 50 as constraints. The constrains were selected based on 310 expected values for A. 311
The function ݃(ߙ) represents the integrated reaction model (see eq. 3). The isoconversional method was 313 evaluated using modeled data and found to reproduce kinetic parameters with errors less than 1.0% 314 ( Figure S3 ). For the analysis, only the TG data from sludge sample P1 above 600 °C is used to only 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 −ln (1 − ߙ)) was chosen to be comparable to the TGA evaluation algorithm. Obtained kinetic parameters 319 scatter on the same line as the results from the TGA evaluation algorithm and even overlap to some extent 320 (Figure 7) . One assumption of the TGA evaluation algorithm is that any detected first-order reaction 321 reaches the maximal rate of decomposition at ‫)ݐ(ܹ‬ = 1 − e ିଵ = 63%
18 . In contrast, the median in the 322 experimental data at which reaction 10 reaches its maximal rate of decomposition is at ‫)ݐ(ܹ‬ = 75% with 323 values ranging from 65% to 78%. This is determined via ‫)ݐ(ܹ‬ at the maximum of the first derivation of 324 ‫.)ݐ(ܹ‬ Although all combinations of E and A on the linear regression line describe the same thermal 325 conversion which share a common harmonic mean temperature, higher values for E and A shift the 326 maximum conversion to higher temperatures (and higher ‫.))ݐ(ܹ‬ Varying the maximal decomposition 327 rates from 65% to 78%, however, did not significantly improve the results from the TGA evaluation 328 algorithm (data not shown). The isoconversional integral does not contain a specific criterion for the 329 maximal rate of conversion, which is automatically adjusted depending on the dataset. As the maximum 330 rate of decomposition occurs at higher values of W(t) than 63%, the application of the isoconversional 331 integral method results in higher pairs of E and A compared to the pairs determined by the TGA 332 evaluation algorithm. 333
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Redfern method 0.5-order reaction (black dots). The confidence intervals are given as black lines. 367
Assigning identified reactions to the combustion of specific compounds
368
In the previous section, we showed that different evaluation methods yield different pairs of E and A for 369 the same dataset, but all project on a straight line in a Constable plot. 370
Based on the following four criteria, specific compounds were assigned to the identified reactions: (i) the 371 kinetic parameters (E and A) of the compound must project on the extension of the regression line of the 372 reaction of interest, (ii) the reaction must occur at comparable temperatures, (iii) the reaction order must 373 be one, and (iv) the compound must suit to the context. To evaluate whether the kinetic parameters of 374 selected model compounds project on the extensions of a reaction of interest, the slope of the linear 375 regression through the projections of the kinetic parameters of the reaction of interest is compared to the 376 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 slope of a straight line defined by the y-axis intercept of the linear regression and the projection of the 377 kinetic data of the specific compound (eq. 13). hemicellulose and lignin 35 . Cellulose, a polymer derived from β-D-glucose molecules may only be 409 degraded incompletely during anaerobic digestion 36 and its presence in the sludge is mainly related to 410 toilet paper 7-8 . The weight loss related to the combustion of cellulose, usually referred to as nC H ଵଶ O + 411 6nO ଶ → 6nCO ଶ + 6nH ଶ O is best described by a series of reactions, where charring, volatilization, char 412 oxidation and volatile oxidation can be distinguished 37 . These four processes may all occur at different 413 stages of the TG experiment, although volatile oxidation cannot be observed in our experiments, as this 414 either occurs in the furnace above the balance or the volatiles escape from the TGA without further 415 oxidation. We assumed that the conversion of cellulose is best described by multiple first-order reactions. 416
The same applies to other biopolymers (see [37] [38] for a more detailed discussion on the 'combustion' of 417 biopolymers), and kinetic data for multiple reactions were considered when available. 418
Hemicelluloses are amorphous polymers made from a variety of natural monomers 35 . Lignin is a phenolic 419 polymer made from p-hydroxyphenylpropanoid monomers which are cross-linked via C-O and C-O-C 420 bonds 39 . It is very resistant to enzymatic and chemical degradation 40 , thus likely present in digested 421 sewage sludge 7, 9 . Xylan is a specific type of hemicellulose, derived from hardwood 37 and alginate is a 422 good surrogate for cell biomass 41 , which represents a significant fraction of the digested sludge 1 . These 423 five organic compounds (cellulose, hemicellulose, lignin, xylan, and alginate) and calcite, are thus 424 considered as important reference compounds to explain the combustion of sewage sludge (Table 3) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The slope of reaction 6 projects within the standard deviations of the identified reference reactions 444 (Figure 9 ) and we therefore assigned reaction 6 to the second combustion reaction of xylan. 445 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 26 project within the standard deviations of the slope of reaction 7. The slope of the hemicellulose reaction 2 450 is slightly lower, but still is within the standard deviation of the slope of reaction 7. Thus, reaction 7 is 451 associated with the cellulose reaction 1, hemicellulose reaction 2 and the fourth reaction of Hernandez et 452 al. 17 . 453
The including the devolatilization of alginate, hemicellulose, xylan, the volatilization of cellulose, the burning 487 of volatiles derived from cellulose, and the first of two combustion reactions of cellulose all contribute to 488 the first combustion phase and combine also to 50% of the total conversion (Table 2) . Combustion phase 2 489 accounts for about 40% of the total conversion (Figure 1 ). This is in good agreement to the 37% resulting 490 from reactions 8 (cellulose char oxidation) and reaction 9 (lignin char oxidation). The remaining 10% of 491 the converted weight are assigned to phase 3 and correspond well to the 11% found for reaction 10 492 (conversion of calcite) ( Table 2) . Table 2 and Table 3 . Note that the sorting of the reactions 500 changed compared to Figure 3 and each color is now associated with one of the reactions rather than an 501 experimental replicate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 3 : Kinetic parameters (E (activation energy), A (pre-exponential factor), of different organic compounds and of other reactions found for 511 sewage sludge combustion. In each case, the reaction order is one or close to one 0.95 < n < 1.05. *The decomposition of this substance consists of 512 two peak areas which were determined in the same experiment. 513 contributes with comparable amounts to the total weight loss (Figure 10) . Xylan, plays a minor role with 538 respect to the weight loss observed in the TGA experiments. The reactions of the six reference compounds 539 explain more than 80% of the total weight loss obtained from TGA experiments. The conversion of calcite 540
can be compared to the difference in inorganic carbon (IC) contents between sludge and ash, assuming 541 that the loss of IC is associated with calcite (CaCO 3 ). The IC content in the sludge was 1.85% and 1.13% 542 in the ash, corresponding to 0.34% when normalized to an ash content of 30%. The loss of IC thus 543 amounted to 1.5% which translates to 12.5% CaCO3 in excellent agreement with the 11.4% calculated 544 from the TGA results. In a recent study, the cellulose content in WWTP influents was estimated to 35% -545 40% of the total suspended solids 7 and only incomplete degradation of cellulose is expected during 546 conventional wastewater and sludge treatment 7, 9 . This study suggested that ~ 50% of cellulose is 547 degraded during aerobic treatment as well as during anaerobic sludge digestion. Considering that the 548 majority of chemical oxygen demand (COD) fed into the anaerobic digestion in our pilot WWTP 549 originates from the primary sludge, and taking into account that our pilot anaerobic digester likely results 550 in less efficient degradation of COD, a cellulose fraction of 35% of the TSS seems reasonable. Higher 551 ratios of cellulose to lignin (1.8) from our pilot digester compared to reported ratios of 0.4 7, 9 further 552 support the hypothesis of a lower degree of cellulose degradation, in line with the less complex sludge 553 composition (fewer reactions identified by the TG analyses) of our digested sludge compared to digested 554 sludge from full-scale digesters. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 but the weight loss of the remaining reactions where reference compounds were identified accounts for 559 more than 80% of the total weight loss observed during the TGA experiments. 560
Conclusions
561
The combustion of digested sewage sludge can be described by ten first order reactions, which are partly 562 overlapping. Kinetic parameters of replicate experiments exhibited an apparent kinetic compensation 563 effect, likely caused by slight variations of the temperature setting of the TGA instrument. Furthermore, a 564 comparison of results obtained from different evaluation methods revealed a substantial impact of the 565 specific evaluation method on the determined absolute values of activation energy (E) and pre-exponential 566 factor (A). However, on a Constable diagram E and A of replicate experiments for a specific reaction 567 always plot on a straight line which is characteristic for the respective reaction. The reactions identified 568 through the TG analysis of digested sewage sludge were assigned to the following reactions of reference 569 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 46.
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